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(57) ABSTRACT 

A method of scaling image and video processing computa 
tional complexity according to the maximum available 
quantities of computational includes performing a plurality 
of data multiplications Which processes digital image and 
video data, the performance of each data multiplication 
requiring a predetermined quantity of computational 
resource units; selecting one of the data multiplications; 
selecting a shift/add-, a shift/subtract or a shift-operation 
using a data independent value associated With the selected 
multiplication 
resource units 

that requires a quantity of computational 
Which is less than the predetermined quantity 

of computational resource units required for performing the 
selected multiplication; and performing the selected multi 
plication With the selected operation. Also, a decoder Which 
scales video and still image decoding computational com 
plexity With available computational resources according to 
the above method. 
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APPROXIMATE INVERSE DISCRETE 
COSINE TRANSFORM FOR SCALABLE 

COMPUTATION COMPLEXITY VIDEO AND 
STILL IMAGE DECODING 

FIELD OF THE INVENTION 

This invention relates to video and still image decoding 
and in particular to an approximate inverse discrete cosine 
transform for scaling video and still image decoding com 
putational complexity in accordance With available quanti 
ties of computational resource units and a decoder Which 
utiliZes the same. 

BACKGROUND OF THE INVENTION 

As Digital Television (DTV) expands WorldWide and 
gradually dominates the TV market, the demand for ?exible 
architecture and scalable computation Will become greater. 
The impetus to adopt ?exible architecture is lead by the 
availability of a more poWerful digital signal processing 
central processing unit (DSPCPU) core and the increasing 
demand for neW functionality. As the computational poWer 
of the DSPCPU core increases over time, video-processing 
functions Will tend to migrate from hardWare implementa 
tions on coprocessors to softWare implementations on the 
DSPCPU core. At the same time, the emergence of neW 
audio/visual processing functionality Will mandate the appli 
cation of coprocessors. 

SoftWare implementation of audio/video processing func 
tions on the DSPCPU core, creates opportunities for algo 
rithm scalability by alloWing trade-off betWeen the usage of 
available computational resources (i.e. CPU cycles, cache, 
memory siZe, memory bandWidth, coprocessor load, etc.) 
and subjective image quality. Although the DSPCPU core is 
getting more and more poWerful, reducing cost by constrain 
ing CPU usage While still generating satisfactory results is a 
big challenge for video algorithm designs driven by con 
sumer electronics. 

The application of scalable video algorithms (SVAs) Will 
alloW multiple video functions to run concurrently on the 
DSPCPU core and the coprocessors While the total compu 
tational resources are on constraint. SVAs can also lead to 

the reduction of coprocessors and other external hardWare. 
The system cost is then reduced With smaller silicon area of 
the multimedia processor chip. 

One potential application for SVAs is in video decoders. 
Video decoders should be capable of decoding incoming 
compressed digital video signals at real-time speed. In a 
typical application such as a set-top box, the computational 
resource available for video decoding varies over time 
because the total available resource has to be divided among 
many different tasks. When the computational resource 
available at any given time is insufficient, the decoder should 
then intelligently adapt the complexity of the decoding 
algorithm, albeit, With some loss in the visual quality of the 
decoded video. 

The most prevalently used compression techniques for 
digital video and images are MPEG and JPEG respectively. 
Both these techniques use the block based DCT as one of the 
basic blocks in the compression. Avideo decoder performs 
the folloWing algorithmic steps in decoding video: variable 
length decoding, inverse quantization, inverse DCT (IDCT) 
and motion compensation. The IDCT requires a substantial 
portion of the computational resource and by using an 
approximate algorithm its complexity can be adapted to 
scale to the available resource. 
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2 
Techniques to reduce the IDCT complexity based on input 

data are knoWn. These techniques classify the input data into 
different categories and use different IDCT algorithms of 
varying complexities for different categories of data. HoW 
ever such techniques have the additional overhead of clas 
sifying the input data into the selected categories. 

Accordingly, a need exists for an IDCT having a com 
plexity Which scales to the computational resources avail 
able in the microprocessor of the decoder at any given time 
and Which is input data-independent. 

SUMMARY OF THE INVENTION 

A method of scaling image and video processing compu 
tational complexity in accordance With maximum available 
quantities of computational resource units, the method com 
prising the steps of: performing a plurality of data multipli 
cations Which processes digital image and video data, each 
data multiplication having a data dependent value multiplied 
by data independent value, the performance of each data 
multiplication requiring a predetermined quantity of com 
putational resource units; selecting one of the data multipli 
cations; selecting a shift/add-operation, a shift/substract 
operation, or a shift-operation using the data independent 
value associated With the selected multiplication that 
requires a quantity of computational resource units Which is 
less than the predetermined quantity of computational 
resource units required for performing the selected multi 
plication; and approximating the selected multiplication 
With the selected operation. 

Also described herein is a decoder Which scales video and 
still image decoding computational complexity With avail 
able computational resources. The decoder comprises a 
variable length decoder; an inverse quantiZer Which dequan 
tiZes signals received from the variable length decoder; and 
an approximate inverse discrete cosine transform that scales 
decoding computational complexity in accordance With the 
above method. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The advantages, nature, and various additional features of 
the invention Will appear more fully upon consideration of 
the illustrative embodiments noW to be described in detail in 
connection With accompanying draWings Where like numer 
als are used to identify like elements and Wherein: 

FIG. 1 is a block diagram illustrating the steps performed 
by the approximate IDCT of the present invention; 

FIG. 2 is a ?oWchart Which illustrates an exemplary 
implementation of the approximate IDCT of the present 
invention; and 

FIG. 3 is a schematic illustration of a video decoder in 
Which the approximate IDCT of the present invention can be 
implemented. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention sets forth an approximate inverse 
discrete cosine transform (IDCT) for digital video and still 
image decoding as respectively used in MPEG and JPEG 
compression/decompression techniques. Conventional 
IDCTs utiliZe algorithms With ?xed computational com 
plexities to process data. Therefore, conventional IDCTs can 
not scale their computational complexity to the computa 
tional resources that are available in the microprocessor of 
the decoder at any given time. 
The approximate IDCT of the present invention utiliZes 

an algorithmic process Whose complexity scales to the 
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computational resources available in the microprocessor of 
the decoder at any given time. Hence, the approximate IDCT 
of the invention can be utilized in MPEG and JPEG to 
enable scalable computation decoding of digital video and 
still images respectively Which is not possible With conven 
tional IDCTs that utiliZe algorithmic processes of ?xed 
computational complexity. 

FIG. 1 is a block diagram illustrating the steps performed 
by the approximate IDCT of the present invention to provide 
complexity scaling. In step 10, the maximum number of 
available computational units is observed for each multipli 
cation to be performed by the IDCT. Step 12 it determines 
Whether the maximum number of computational units avail 
able (the maximum computational complexity available) for 
each multiplication is suf?cient. If it is determined that the 
maximum number of available computational units is 
sufficient, the multiplication is performed in step 14. If it is 
determined that the maximum number of available compu 
tational units is insuf?cient, then in step 16 multiplications 
are replaced by one or more shift/add-operations, shift/ 
substract-operations, or a shift-operation (all three of these 
operations being collectively referred to hereinafter as shift 
operation) the exact number and type of such operations 
being dependent upon the maximum number of computa 
tional units required therefore. 

Note that a multiplication requires approximately three 
times the number of cycles to perform as compared to an 
addition, a subtraction, or a shift-operation in popular 
INTEL architecture processors. 

In particular, if it is determined that the number of 
computational units required for performing multiple shift/ 
add-operations, shift/subtract-operations, or a shift 
operation is greater than or equal to that required for the 
multiplication, the multiplication is approximated With an 
abbreviated shift-operation. Approximation is typically per 
formed When the multiplication is by a value that is not a 
single poWer of tWo. Such a multiplication may involve a 
shift-operation comprised of tWo or more shifts, the results 
of Which are then added or subtracted. The abbreviated 
shift-operation of the present invention neglects one or more 
of these shifts and additions/subtractions to scale the com 
plexity of the IDCT to the available computational units. 

In order to illustrate the concepts of the present invention, 
the folloWing discussion references a DCT/IDCT algorithm 
adopted from the original Chen-Wang algorithm described 
by W. H. Chen, C. H. Smith, S. Fralick, “A Fast Computa 
tional Algorithm For The Discrete Cosine Transform,” IEEE 
Transactions on Communications, Vol. COM-25, No. 9, pp. 
1004—1009, September, 1977 and by Z. Wang, “Reconsid 
eration Of A Fast Computational Algorithm For The Dis 
crete Cosine Transform,” IEEE Transactions on 
Communications, Vol. COM-31, pp. 121—123, January 
1983. The reference C code of the Chen-Wang algorithm can 
be found in the C code of a decoder used at the University 
of California, at Berkeley. The decoder performs an IDCT 
based on a multi-stage netWork. It should be understood, 
hoWever, that the present invention can be applied to any 
IDCT including IDCTs Which use matrix multiplications to 
obtain a 2-D IDCT directly or IDCTs Which use tWo 1-D 
IDCTs, one of Which is performed over the roWs and the 
other Which is performed over the columns. Moreover, the 
present invention can also be applied to DCTs or any other 
computer computation involving multiplications. 

Typically the above IDCT is performed on a tWo 
dimensional block of 8 by 8 pixels. In this implementation 
the tWo dimensional IDCT is achieved by performing one 
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4 
dimensional IDCT on the columns folloWed by one 
dimensional IDCT on the roWs. The folloWing set of equa 
tions as provided beloW in Table 1 shoWs the four states of 
a 4-stage netWork. The ?rst column of equations corre 
sponds to the operations performed in the ?rst stage and so 
forth. 

TABLE 1 

Stage I Stage II 

Here x1 are the inputs and Ylare the outputs of each stage 
and Tlare temporary variables that are computed. Also, the 
output of each stage is the input to the subsequent stage, i.e. 
the output of the ?rst stage is the input of the second stage 
and so on. The x1 and Y1 values are dependent on the 
received bitstream data. The W1 values are independent of 
the received bitstream data and these values are replaced or 
approximated With shift-operations in accordance With the 
present invention. Accordingly, the approximate IDCT of 
the present invention is input data-independent, hence, 
avoiding the additional overhead in terms of computational 
resources of classifying the input data into selected catego 
ries as required in prior IDCT complexity reduction tech 
niques. 
As shoWn in the above set of equations, the operations in 

stage I require 6 multiplications, 6 additions and no shift 
operations. In accordance With an illustrative implementa 
tion of the principles of the present invention, if there are 
insufficient computational resources or units available for 
performing a multiplication by Wi in stage I, the multipli 
cation can be replaced or approximated by With a shift 
operation as described above. 
As described earlier, a multiplication can be replaced With 

a shift-operation if Wi is a value that is equal to a single 
poWer of tWo because the shift-operation requires only a 
single shift With no additions or subtractions. Speci?cally, if 
W7 in the ?rst equation of stage I is 64, the multiplication by 
W7 can be replaced With a single shift With no additions or 
subtractions because 64 is equal to a single poWer of tWo or 
26. Accordingly, multiplication by 64 can be achieved by left 
shifting the value of (x4+x5) by 6. Assuming for example, a 
multiplication requires 3 computational units and a single 
shift operation requires 1 computational unit, then the above 
shift-operation provides a savings of 2 computational units. 

If W1, is a value that is not equal to a single poWer of tWo, 
the multiplication by W1 can be replaced With a set of 
shift-operations and additions or subtractions if the maxi 
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mum number of computational units available for the mul 
tiplication are insufficient and the number of computational 
units required for the shift-operations are less than What is 
required for the multiplication. As described earlier, values 
that are not equal to a single poWer of tWo can be decom 
posed or split into a sum of values each of Which is a poWer 
of tWo. In particular, if W7 in the ?rst equation of stage I is 
84 (Which is not a single poWer of tWo), 84 can be split into 
the sum of three values each of Which is a poWer of tWo or 
64 (26)+16 (24)+4 (22). Multiplication by 84 is therefore 
achieved by multiplying the value of (x4+x5) by 64, 16 and 
4 and adding the results. Each of these multiplications can 
be achieved in the approximate IDCT of the present inven 
tion through a shift-operation, ie 64 * (x4+x5) is achieved 
by left shifting the value of (x4+x5) by 6, 16 * (x4+x5) is 
achieved by left shifting the value of (x4+x5) by 4 places, 4 
* (x4+x5) is achieved by left shifting (x4+x5) by 2. 
Accordingly, multiplication by 84 is replaced by 3 shift 
operations and 2 additions. 

HoWever, the replacement of the multiplication is per 
formed in the present invention only if the computational 
resources or units required by the shift-operations and the 
additions is less than that required by a multiplication. If the 
computational resources required for the 3 shift-operations 
and 2 additions is not less than that required by the 
multiplication, then the multiplication is approximated by 
omitting some of the shifts and additions. Assuming again 
that an addition and a shift-operation are each equivalent to 
1 unit of computation and a multiplication is equivalent of 
3 units of computation, then the shift-operation actually 
requires 5 units of computation Which is 2 more than the 
multiplication. Accordingly, an abbreviated shift-operation 
Which omits the shifts involving the values 16 and 4 Would 
be performed to approximate the multiplication by 84. 

The above process can be used in one or more of the other 
multiplications in stage I as Well as the multiplications in the 
other stages, depending upon hoW much scaling back of the 
computational complexity is needed to accommodate the 
available computational resources. 

The values that are not equal to a single poWer of tWo can 
also be decomposed or split into a “difference” of values 
each of Which is a poWer of tWo. For example, if W7 in the 
?rst equation of stage I is 63, 63 can be decomposed or split 
into 64 (26)—1 (20). The decision to select a decomposition 
made up of a sum or difference is typically based on Which 
decomposition method requires less computational units to 
implement and is the best approximation of the multiplica 
tion. Using the above example, the multiplication by 63 can 
be replaced in its entirety by 2 shift-operations and 1 
subtraction. A corresponding sum decomposition of 63 
Would equal 32 (25)+16 (24)+8 (23)+4 (22)+2 (21)+1 (20) 
Which requires 6 shifts and 5 additions. Hence, in this 
example, the difference decomposition of 63 requires less 
computational units to implement in its entirety than the sum 
decomposition of 63. Assuming again that an addition and a 
shift-operation are each equivalent to 1 unit of computation 
and a multiplication is equivalent of 3 units of computation, 
an abbreviated shift operation using the difference decom 
position of 63 Would require one computational unit, thus 
providing a 2 computational unit savings over the multipli 
cation With only a small loss in accuracy. An abbreviated 
shift operation using the sum decomposition of 63 Would 
also require only 1 computational unit to implement but 
Would involve a much greater loss of accuracy. 

FIG. 2 is a ?oWchart Which illustrates an exemplary 
implementation of the approximate IDCT of the present 
invention. In the How chart, C is the maximum number of 
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6 
computational units available for the multiplication (the 
maximum computation complexity available for the 
multiplication), Cm is the number of computational units 
required to perform the multiplication W * x Without any 
approximation, CS is the number of computational units 
required for shifting, Cd is the number of computational 
units required for adding or subtracting, and Cm is total 
number of computational units required for shifting, adding 
or subtracting the poWers of tWo. 

FIG. 3 schematically illustrates a video decoder 30 in 
Which the approximate IDCT of the present invention can be 
implemented. The video decoder 30 includes a channel 
buffer 32, a variable length decoder (VLD) 34, an inverse 
quantiZer 36, the approximate IDCT 38 of the invention, a 
motion compensator 40, an adder 42 and a memory 46 for 
storing reference frames for motion compensation. The 
IDCT 38 of the invention enables the video decoder to scale 
its video decoding computational complexity With the com 
putational resources available from the controller 44 of the 
decoder 30. 

Table II beloW shoWs the number of multiplications, 
additions and shift-operations required by the four different 
stages of equations shoWn in Table I above. Assuming 
additions and shift-operations are equivalent to one unit of 
computation and a multiplication is equivalent to three units 
of computation, the total requirement is 74 units. 

Stage 1 Stage II Stage III Stage IV 

Number of Multiplications 6 3 2 0 
Number of Additions 6 9 8 8 
Number of Shift Operations 0 O 2 8 
Total number of computation 24 18 16 16 
units 

In a preferred embodiment of the approximate IDCT of 
the present invention, computational complexity reduction 
through replacement or approximation of the multiplications 
required at different stages of a multistage netWork With 
shift-operations Will noW be described by referring again to 
earlier described four stage IDCT of Tables I and II. For the 
discussion here, all approximations utiliZing abbreviated 
shift-operations are assumed to be accomplished With a 
single shift-operation. The multiplications in stage III are the 
preferred initial candidates to be replaced or approximated 
by shift-operations, since any approximations introduced at 
this stage propagates to only one more stage. If the tWo 
multiplications at stage III are replaced or approximated by 
shift-operations, then the total computation requirement is 
70 units, or 70/74=94.6% of the original complexity. If the 
computational resources available from the controller of the 
decoder falls beloW 100% but stays above 94.6% then the 
decoder, via the approximate IDCT of the present invention 
Will automatically replace or approximate the multiplica 
tions at stage III to scale to the current resource availability. 

If the computational resources fall beloW 94.6%, the 
multiplications in stage II are also replaced or approximated 
by shift-operations in addition to the stage III replacements 
and approximations. If the three multiplications in stage II 
and the tWo in Stage III are replaced or approximated by 
shift-operations, the total computational requirement Will be 
64, Which is 86.5%, of the original complexity. 

If the computational resource falls beloW 86.5%, then all 
the multiplications in all the stages are replaced or approxi 
mated by shift-operations. Accordingly, the resulting com 
putational requirement Will be 52 units, or 70.3% of the 
original complexity. 
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Using the approximate IDCT process of the present 
invention, the computational requirement can be scaled to 
three different levels of 94.6%, 86.5% and 70.3% by replac 
ing or approximating the multiplications at different stages 
With shift-operations. To obtain more levels of scalability, 
some of the multiplications (and not all) in each stage can be 
replaced or approximated. For example, to achieve a com 
plexity level that is less than 90% (but above 86.5%), tWo 
multiplications in Stage III and tWo in Stage II can be 
replaced or approximated With shift-operations. This Will 
result in (66/74) 89.2% complexity. To select the tWo out of 
three multiplications that are to be approximated With shift 
operations at Stage II, the error introduced in approximating 
multiplications With abbreviated shift-operations is calcu 
lated for each multiplication and the tWo multiplication 
approximations that result in the loWer error values is 
selected. This process can be done a priori and is data 
independent. 

While the foregoing invention has been described With 
reference to the above embodiments, various modi?cations 
and changes can be made Without departing from the spirit 
of the invention. Accordingly, such modi?cations and 
changes are considered to be Within the scope of the 
appended claims. 
What is claimed is: 
1. A method of scaling image and video processing 

computational complexity in accordance With system 
de?ned maximum available quantities of computational 
resource units, the method comprising the steps of: 

(a) performing a plurality of data multiplications Which 
processes digital image and video data, each data 
multiplication having a data dependent value multi 
plied by data independent value, the performance of 
each data multiplication requiring a predetermined 
quantity of computational resource units; 

(b) selecting one of the data multiplications; 
(c) acquiring the maximum available quantity of compu 

tational resource units for performing the selected 
multiplication; 

(d) determining Whether the maximum quantity of com 
putational resource units available for the selected 
multiplication is suf?cient for performing same; 

(e) performing the selected multiplication if the maximum 
quantity of computational resource units available for 
the selected multiplication is suf?cient for performing 
same; or 

(f) selecting a shift-operation using the data independent 
value associated With the selected multiplication that 
requires a quantity of computational resource units 
Which is less than the predetermined quantity of com 
putational resource units required for performing the 
selected multiplication; and 

(g) performing the selected multiplication With the 
selected shift-operation. 

2. The method according to claim 1, Wherein the data 
independent value is a single poWer of tWo and the selected 
shift-operation includes a single shift made according to the 
single poWer of tWo. 

3. The method according to claim 1, Wherein the data 
independent value is a sum of poWers of tWo and the selected 
shift-operation includes at least one shift-operation corre 
sponding to one of the poWers of the sum. 

4. The method according to claim 3, Wherein the at least 
one shift-operation approximates the selected multiplica 
tion. 

5. The method according to claim 3, Wherein the selected 
shift-operation includes at least tWo shift-operations the 
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8 
results of Which are added, the at least tWo shift-operations 
corresponding to tWo of the poWers of the sum. 

6. The method according to claim 3, Wherein the poWer of 
the sum corresponding to the at least one shift-operation has 
a value Which is nearest to the data independent value. 

7. The method according to claim 1, Wherein the data 
independent value is a difference of poWers of tWo and the 
selected shift-operation includes at least on shift-operation 
corresponding to one of the poWers of the difference. 

8. The method according to claim 7, Wherein the at least 
one shift-operation approximates the selected multiplica 
tion. 

9. The method according to claim 7, Wherein the poWer of 
the difference corresponding to the at least one shift 
operation has a value Which is nearest to the data indepen 
dent value. 

10. The method according to claim 7, Wherein the selected 
shift-operation includes at least tWo shift-operations the 
results of Which are subtracted, the at least tWo shift 
operations corresponding to tWo of the poWers of the dif 
ference. 

11. The method according to claim 1, Wherein the plural 
ity of data multiplications de?nes an inverse discrete cosine 
transform. 

12. The method according to claim 1, Wherein the plu 
rality of data multiplications form a multiple stage netWork 
having an input and an output, the selected multiplication is 
selected from a stage of the netWork Which is nearest the 
output thereof. 

13. The method according to claim 1, Wherein the image 
and video processing includes image and video decoding 
and the digital image and video data is encoded digital image 
and video data. 

14. A method of approximating an inverse discrete cosine 
transform to scale its decoding computational complexity in 
accordance With system de?ned maximum available quan 
tities of computational resource units, the transform decod 
ing encoded digital image and video data by performing a 
plurality of data multiplications, each data multiplication 
having a data dependent value multiplied by data indepen 
dent value, the performance of each data multiplication by 
the transform requiring a predetermined quantity of compu 
tational resource units, the method comprising the steps of: 

(a) selecting one of the data multiplications; 
(b) acquiring the maximum available quantity of compu 

tational resource units for performing the selected 
multiplication; 

(c) determining Whether the maximum quantity of com 
putational resource units available for the selected 
multiplication is suf?cient for performing same; 

(d) performing the selected multiplication if the maximum 
quantity of computational resource units available for 
the selected multiplication is sufficient for performing 
same; or 

(e) selecting a shift-operation using the data independent 
value associated With the selected multiplication that 
requires a quantity of computational resource units 
Which is less than the predetermined quantity of com 
putational resource units required for performing the 
selected multiplication; and 

(f) performing the selected multiplication With the 
selected shift-operation. 

15. The method according to claim 14, Wherein the data 
independent value is a single poWer of tWo and the shift 
operation includes a single shift made according to the 
single poWer of tWo. 
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16. The method according to claim 14, wherein the data 
independent value is a sum of powers of two and the selected 
shift-operation includes at least one shift-operation corre 
sponding to one of the powers of the sum. 

17. The method according to claim 16, wherein the at least 
one shift-operation approximates the selected multiplica 
tion. 

18. The method according to claim 16, wherein the power 
of the sum corresponding to the at least one shift-operation 
has a value which is nearest to the data independent value. 

19. The method according to claim 16, wherein the 
selected shift-operation includes at least two shift-operations 
the results of which are added, the at least two shift 
operations corresponding to two of the powers of the sum. 

20. The method according to claim 14, wherein the data 
independent value is a difference of powers of two and the 
selected shift-operation includes at least on shift-operation 
corresponding to one of the powers of the difference. 

21. The method according to claim 20, wherein the at least 
one shift-operation approximates the selected multiplica 
tion. 

22. The method according to claim 20, wherein the power 
of the difference corresponding to the at least one shift 
operation has a value which is nearest to the data indepen 
dent value. 

23. The method according to claim 20, wherein the 
selected shift-operation includes at least two shift-operations 
the results of which are subtracted, the at least two shift 
operations corresponding to two of the powers of the dif 
ference. 

24. The method according to claim 14, wherein the 
transform forms a multiple stage network having an input 
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and an output, the selected multiplication is selected from a 
stage of the network which is nearest the output thereof. 

25. Adecoder which scales video and still image decoding 
computational complexity with available computational 
resources, the decoder comprising: 

a variable length decoder; 

an inverse quantiZer which dequantiZes signals received 
from the variable length decoder; and 

an approximate inverse discrete cosine transform that 
scales decoding computational complexity in accor 
dance with system de?ned maximum available quan 
tities of computational resource units, wherein the 
transform decodes encoded digital image and video 
data by performing a plurality of data multiplications, 
each data multiplication having a data dependent value 
multiplied by a data independent value, the perfor 
mance of each data multiplication by the transform 
requiring a predetermined quantity of computational 
resource units, the transform performing a selected one 
of the data multiplications if a determined maximum 
quantity of the computational resource units available 
for the selected data multiplication is sufficient for 
performing same, or the transform performing the 
selected data multiplication with a shift-operation that 
requires a quantity of computational resource units 
which is less than is required for performing the 
selected one data multiplication. 


